Summary
Introduction
Many terrestrial bird species during migration must navigate around or across large ecological barriers to migration (Alerstam 2001 ) such as deserts, mountains, ice fields or oceans (Deppe et al. 2015; Adam ık et al. 2016) . The most challenging ecological barrier for terrestrial species, where the chances of mortality is likely to be highest, are oceanic barriers. Here, few opportunities exist for resting or refuelling and to survive migrants must conduct nonstop flights over long distances. The risk inherent in oceanic crossings, however, may be offset by shorter migratory pathways (La Sorte et al. 2016a) , reduced encounters with pathogens and predators (Gill et al. 2009 ), or more consistent associations with favourable atmospheric conditions, specifically mild or supportive winds (La Sorte et al. 2014b; Kranstauber et al. 2015) . Migrating under the influence of supportive winds has been identified as central factor dictating migratory behaviour (Richardson 1990 ; Akesson & Hedenstr€ om 2000; Liechti 2006 ), including migratory behaviour associated with transoceanic crossings (Mellone et al. 2011; Gill et al. 2014) . Increasing greenhouse gas concentrations are projected to cause significant changes in the climate, including changes in seasonal patterns of atmospheric circulation over the world's oceans (IPCC 2013) . The implications of these changes for terrestrial bird populations that conduct transoceanic migration have not been addressed. During autumn migration in the Western Hemisphere, a number of terrestrial bird species that breed in North America cross the Atlantic Ocean when travelling to their non-breeding grounds in the Caribbean or South America (Williams & Williams 1978; Larkin et al. 1979; Richardson 1979; La Sorte et al. 2016a) . The population-level migration trajectories displayed by these species tend to be shorter in the autumn than in the spring as species follow a more direct geographical path across the Atlantic Ocean to their non-breeding grounds (La Sorte et al. 2016a) . These species time their transatlantic departures from North America to coincide with the presence of low to moderate wind speeds at migration altitudes (La Sorte et al. 2015a,b) . The northern portion of the transatlantic flyway contains a prominent circulation feature whose winds tend to increase in velocity during autumn, the prevailing westerlies (Randall 2015 ) (see Fig. 1 ). For migrants travailing south over the Atlantic Ocean in the autumn, the prevailing westerlies have the potential to generate crosswinds that may incur additional costs by increasing the time and energy required to successfully navigate to the non-breeding grounds (Richardson 1991; Liechti 2006; Chapman Jason et al. 2011) . The exact nature of these costs is determined by the degree transatlantic migrants compensate or drift under the influence of crosswinds. Migrants have been documented using both strategies, drift and compensation as environmental and atmospheric conditions change during their migration journey (Gr€ onroos, Green & Alerstam 2013; Chapman et al. 2016; Horton et al. 2016) .
Current observations and projections suggest patterns of atmospheric circulation over the Atlantic may change in the autumn through the influence of global warming. Observations over the last several decades suggest air temperatures within the Arctic are warming more rapidly than the rest of the globe (Serreze et al. 2009; Screen & Simmonds 2010) . This phenomenon, termed Arctic amplification (Holland & Bitz 2003) , has been identified as a long-term outcome of global warming (Barnes & Polvani 2015) . Within the Northern Hemisphere, one potential consequence of Arctic amplification is that the seasonal behaviour of the polar-front jet stream may change. The polar-front jet stream is a narrow high-speed air current located within the mid-latitudes between 7 and 12 km above sea level (ASL) that flows west to east with broad meanders that extend north to south (Archer & Caldeira 2008; Pena-Ortiz et al. 2013) . As Arctic temperatures decline in the autumn, the temperature differences between the Arctic and the tropics increases. As a consequence, the speed and meridional (north-south) flow of the polar-front jet stream increases, resulting in stronger westerly winds at the mid-latitudes in the autumn whose affects can extend to lower altitudes where migration occurs (La Sorte et al. 2015b) . The current expectation is that enhanced Arctic warming under climate change will weaken the polar-front jet stream, which in turn will affect weather and climate at mid-latitudes including the strength of the prevailing westerlies. The exact nature of these consequences, however, has not been fully determined (Barnes 2013; Screen & Simmonds 2013) .
Here, we use 29 Atmosphere-Ocean General Circulation Models (AOGCMs) from phase 5 of the Coupled Model Intercomparison Project (CMIP5) (IPCC 2013) to provide the first baseline assessment on how global warming during this century is projected to affect the speed and direction of prevailing winds within the transatlantic flyway during autumn migration. To estimate the location and timing of migration within the transatlantic flyway, we use daily occurrence information from the eBird citizen-science database (Sullivan et al. 2014) to model the migration trajectories of 10 migratory bird species (see Table 1 ). There is evidence at the individual-level (see Table S1 , Supporting Information) and broader evidence at the population-level (La Sorte et al. 2016a ) that these 10 species cross the Atlantic Ocean during autumn migration. Two bounding scenarios are possible when considering how prevailing winds may change within the transatlantic flyway, and each scenario has a unique set of implications for migratory bird populations. Under the first scenario, the strength of the prevailing westerly winds over the Atlantic Ocean increases under global warming. When migrants compensate under the influence of crosswinds, the implications include greater time and energy expenditures. When migrants drift under the influence of crosswinds, the implications include greater lateral displacement from their intended migratory goal. Under the second scenario, which currently has greater theoretical and empirical support, the strength of the prevailing westerly winds decreases under global warming. The implications are reduced costs when migrants are compensating and reduced lateral displacement when migrants are drifting. By exploring which scenario is best represented by current climate change projections, we focus on a poorly understood but critical phase of these species' migration strategies with the aim of promoting a more comprehensive understanding of the implications of climate change for migratory bird populations.
Materials and methods

transatlantic migration trajectories
We estimated the geographical location of migratory bird populations across the annual cycle using occurrence information from eBird (Sullivan et al. 2014) . We compiled a total of 16 607 953 eBird checklists within the Western Hemisphere (30°-170°W longitude and 60°S-90°N latitude) for the combined period 1950-2015 (see Figs S1 and S2) . eBird checklists contain information on where and when surveys were conducted, the species observed, and the level of effort expended during each survey. We selected 10 long-distance migratory bird species for analysis (see Table 1 ) whose populations were well sampled across the annual cycle by eBird and whose population centres crossed the Atlantic Ocean during autumn migration (La Sorte et al. 2016a) . We further validated the selection of these 10 species based on individual-level observations compiled within the region (see Table S1 ) and the frequency these species occurred in eBird checklists within the region during autumn migration (see Fig. S3 ). These ten species were observed in a total of 875 636 checklists, which we grouped by day within equal-area hexagon cells (spatial resolution = 49 811 km 2 ) of an icosahedral discrete global grid system (see Fig. S2 ) defined by a Fuller icosahedral projection using an aperture 4 hexagon partition method (Sahr, White & Kimerling 2003; Sahr 2011 ).
We use previously described methods (La Sorte et al. 2013 Sorte et al. , 2016a to estimate the geographical centre of occurrence for each species' population at a daily temporal resolution across the annual cycle within the Western Hemisphere while accounting for spatiotemporal variation in survey effort. The resulting populationlevel estimates, which we label migration trajectories, differs substantially from traditional estimates of migration routes where the geographical pathway taken by an individual migratory bird is documented. Migration trajectories document the movement of entire migratory bird population across space and time using observations of many individual birds compiled over multiple generations. Retaining the identity of migrating birds is essential when estimating migration routes, whereas the identity of migrating birds is not retained at any level when estimating migration trajectories. Therefore, migration trajectories and migration routes represent two unique observational perspectives that provide contrasting but complimentary information on migratory behaviour.
This population-level approach consisted of first converting the geodetic coordinates (longitude and latitude) of the geographical midpoints of the hexagon cells to ECEF Cartesian coordinates (earth-centred earth-fixed). ECEF coordinates are defined as three-dimensional vectors originating at the centre of the earth and terminating at the terrestrial midpoint of each icosahedron cell. ECEF takes into consideration the precise shape and size of the Earth, here using the WGS84 reference datum. For our analysis, we rounded to the nearest km the ECEF coordinates of each cell's geographical midpoint.
Following La Sorte et al. (2016a) , we used Generalized Additive Models for Location, Scale and Shape (GAMLSS) (Rigby & Stasinopoulos 2005) to estimate migration trajectories. GAMLSS is a flexible procedure that simultaneously models the mean and standard deviation using additive functions of smooth predictor effects. The daily location of the geographical midpoints of each species' population were modelled as the expected values of the three ECEF coordinates based on the locations of the hexagon cells where eBird surveys took place. The daily location of each of the coordinates was modelled separately using a Gaussian two-parameter distribution to describe the error variance. The mean of each coordinate was allowed to vary smoothly as a function of day of the year using a cyclic penalized B-spline so the model smoothly joined daily location estimates made for 31 December and 1 January. To account for spatiotemporal variation in sampling effort, the standard deviation was allowed to vary smoothly as a function of the total number of checklists submitted within each cell, also specified as a penalized B-spline.
To capture the spatial variation in each species' distribution on a given day, the hexagon cell coordinates were weighted by the proportion of checklists where the species was observed in that cell on that day. After fitting the GAMLSS models to each of the three ECEF coordinates for each species and year, we calculated the daily predicted values for the ECEF coordinates for each day of the year, including days when the species was not recorded in an eBird checklist. We converted these daily ECEF coordinates to geodetic coordinates (longitude and latitude) using methods described in Bowring (1985) .
Following La Sorte et al. (2016a) , we used a bootstrap procedure to estimate the uncertainty associated with each species' estimated annual migration trajectory. The bootstrap procedure was implemented separately for each species and consisted of sampling eBird checklists with replacement that contained observations for that species. These checklists were then aggregated within the hexagon cells and the GAMLSS analysis was repeated. This procedure was implemented 500 times for each species. Lastly, we used four centile fans (20%, 40%, 60% and 80%) derived from each species' GAMLSS model to estimate the geographical distribution and density of eBird observations used to estimate the migration trajectories (Rigby & Stasinopoulos 2005) .
current and projected prevailing winds
We summarized the speed and direction of current prevailing winds within the transatlantic flyway using zonal and meridional wind components at three isobaric levels (1000, 850 and 700 hPa) from the NCEP/NCAR 40-year reanalysis project (Kalnay et al. 1996) using data provided by NOAA/OAR/ESRL PSD (http:// www.esrl.noaa.gov/psd/) at a spatial resolution of 2Á5°9 2Á5°. The zonal wind component estimates wind speed in the east-west direction, and the meridional wind component estimates wind speed in the north-south direction. Zonal wind is positive if from the west and negative if from the east; meridional wind is positive if from the south and negative if from the north. The three isobaric levels represent altitudes of c. 111, 1457 and 3012 m ASL (Stull 2005 ), which we classified as low, intermediate and high migration altitudes respectively. We selected these three isobaric levels because they encompass the full range of altitudes at which transatlantic migrants have been documented within the region during autumn migration (Williams & Williams 1978; Richardson 1979; La Sorte et al. 2015a,b) . For each level, we extracted zonal and meridional wind components at a daily temporal resolution for the years 1996-2005. We used these values to calculate, for each 2Á5°pixel, daily wind speed for each year, average zonal and meridional wind speed by day across years, and average wind speed by day across years.
We estimated how the speed and direction of prevailing winds within the transatlantic flyway are projected to change using zonal and meridional wind components estimated at three isobaric levels (1000, 850 and 700 hPa) under the RCP8.5 scenario from CMIP5 (IPCC 2013). Data were acquired from the World Data Center for Climate using the Climate and Environmental Retrieval and Archive (CERA) data portal (http://cera-www.d krz.de/). The RCP8.5 scenario is the strongest greenhouse gas forcing scenario, characterized by continually increasing greenhouse gas emissions over this century (Riahi et al. 2011) . Stronger scenarios are generally considered to be more realistic under current greenhouse emission rates (Raupach et al. 2007; Beaumont, Hughes & Pitman 2008) . In our analysis, we considered projected zonal (ua) and meridional (va) wind speeds from 29 AOGCMs (see Table S2 ). The 29 AOGCMs were implemented at a daily temporal resolution using a variety of different spatial resolutions (range = 0Á75°-3Á75°; see Table S2 ).
Our procedure to estimate projected changes in prevailing winds summarized the two wind components by day during two 10-year time periods: 1996-2005 and 2091-2100. The first time period defined the reference conditions under the historical scenario, and the second defined the projected conditions under the RCP8.5 scenario. We estimated how winds changed between the two time periods using three classes of wind anomalies, which we calculated for each of the 29 AOGCMs. We calculated wind anomalies by first averaging the zonal and meridional wind components by day across years for the historical scenario (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and the RCP8.5 scenario (2091-2100) for each AOGCM pixel. We then calculated the zonal and meridional wind anomalies for each day and AOGCM pixel between the two time periods by subtracting the historical value from the RCP8.5 value. The zonal and meridional wind components for each scenario were then combined to calculate wind speed for each day and AOGCM pixel, which we then used to calculate signed wind speed anomalies. Positive signed wind speed anomalies indicate increasing wind speeds, and negative signed wind speed anomalies indicate decreasing wind speeds. Accurately interpreting the signed wind anomalies and the zonal and meridional wind anomalies requires examining their sign and magnitude within the context of the region's current prevailing winds.
We summarized current and projected wind speed and direction within the transatlantic flyway at three isobaric levels (1000, 850 and 700 hPa) using a specific spatial and temporal framework designed to simplify the structure of the data to support analysis and interpretation. First, we converted all the gridded daily wind data to the same spatial resolution (10 arcminutes; c. 20 km at the equator), removed all the terrestrial pixels, and only retained oceanic pixels between 80°and 50°W longitude. We then averaged the values in the 10 arc-minute pixels within three 10°longitudinal bands (80-70°, 70-60°and 60-50°W longitude) by month (August-November) and latitude (1°intervals). To estimate the current prevailing winds, we applied this procedure to the zonal and meridional wind speed and wind speed values acquired from the NCEP/NCAR 40-year reanalysis, described above. To estimate how the prevailing winds are projected to change from 1996-2005 to 2091-2100, we applied this procedure to the zonal and meridional wind speed anomalies and signed wind speed values acquired from the 29 AOGCMs.
We used generalized additive models (GAM) (Wood 2006 ) to summarize how current atmospheric conditions (zonal and meridional wind speed and wind speed) are defined as a function of latitude, and we used generalized additive mixed models (GAMM) with AOGCM as a random effect to summarize how projected changes in these conditions under the RCP8.5 scenario (zonal and meridional winds speed anomalies and signed wind speed anomalies) are defined as a function of latitude. The models were implemented separately for each longitudinal band, month and isobaric level, resulting in a total of 72 GAM and 72 GAMM fits. We implemented all analyses using R, version 3.2.5 (R Development Core Team 2016). We used the gamlss library to implement GAMLSS and to generate the centile fans (Rigby & Stasinopoulos 2005) . We used the mgcv library to implement GAM and GAMM, employing the default optimization procedure to estimate the degree of smoothing for each model (Wood 2011) .
Results
The prevailing winds within the transatlantic flyway during the period 19 August to 30 November (see Table 1 ) presented distinct patterns at the three isobaric levels (Fig. 1) . The prevailing westerlies were prominent at higher latitudes within the flyway, especially at intermediate and high migration altitudes (Fig. 1) . At intermediate latitudes within the flyway, strong southerly winds were dominant at low migration altitudes (Fig. 1) . At lower latitudes within the flyway, winds were generally weaker and were primarily northerly within all three migration altitudes (Fig. 1) . At the southern extent of the flyway, the influence of the easterly trade winds increased, which was strongest south and east of the flyway (Fig. 1) .
The population-level migration trajectories estimated for the 10 focal species defined looped trajectories within the Western Hemisphere (see Fig. S4 ) that crossed the Atlantic Ocean during autumn migration (Fig. 2) . Migration trajectories for the 10 species departed North America in the autumn from the centre (c. 32°to 38°N latitude) and northern (c. 43°to 44°N latitude) portions of the continent (Fig. 2a) , and arrived on the north coast of the South American continent (c. 70°to 60°W longitude; Fig. 2a ). The departure and arrival dates for the 10 species were highly variable. Departure dates ranged from 19 August to 1 November, and arrival dates ranged from 5 October to 30 November (Table 1) . Uncertainty in the location of the migration trajectories were generally low for each species (Fig. 2a) , and the centile trajectory estimates for the 10 species were most concentrated over the Atlantic Ocean, roughly between 80°and 50°W longitude (Fig. 2b) Fig. 2 . Population-level migration trajectories rendered at a daily temporal resolution for the 10 focal species (see Table 1 ) during autumn migration. The migration trajectories are shown with (a) 500 bootstrap replicates (grey lines) used to summarize the uncertainty in the trajectory estimates, and with (b) four centile fans (20%, 40%, 60% and 80%) used to summarize the geographical distribution and density of eBird observations used to estimate the trajectories (displayed as transparent grey polygons). [Colour figure can be viewed at wileyonlinelibrary.com]
When current wind conditions were extracted within 10°longitude bands over oceanic regions and summarized by month (August-November) and latitude (1°intervals), the resulting patterns (Fig. 3) generally followed the prevailing conditions within the region (see Fig. 1 ). Meridional (north-south) winds were strongest from the south at low and intermediate migration altitudes within the Caribbean, and the strength of these southerly winds generally increased as the autumn progressed (Fig. 3) . East of the Caribbean, the meridional winds were increasingly from the north at intermediate and high migration altitudes (Fig. 3) . Zonal (east-west) winds were strongest from the east at lower latitudes and strongest from the west at higher latitudes, and both generally increasing in strength with increasing migration altitudes across the region; there was little evidence for a monthly progression (Fig. 3) . When considered in combination, wind speed at low migration altitudes reflected the influence of the strong southerly winds in the Caribbean that increased in strength as the season progressed (Fig. 3) . At intermediate and high migration altitudes, the influence of easterly trade winds at lower latitudes and the westerlies at higher latitudes became increasingly dominant across the entire region (Fig. 3) .
Projected changes in wind speed and direction during this century, when summarized across the 29 AOGCMs, . Meridional (first row) and zonal wind speed (second row) and combined wind speed (third row) at three isobaric levels (1000, 850 and 700 hPa) extracted within three 10°longitudinal bands over oceanic regions (see Fig. 2 ) and averaged by month (AugustNovember) and latitude (1°intervals) for the combined period 1996-2005. The fitted lines are from generalized additive models. [Colour figure can be viewed at wileyonlinelibrary.com] presented distinct regional patterns within the transatlantic flyway during autumn migration (Fig. 4) . Meridional (north-south) wind speed anomalies presented limited changes within the flyway, whereas zonal (eastwest) wind speed anomalies presented pronounced changes within the northern portion of the flyway, characterized by negative anomalies that increased in strength with increasing migration altitudes (Fig. 4) . When considered in combination, signed wind speed anomalies generally followed the zonal wind speed anomalies, with negative anomalies dominating the northern portion of the flyway whose strength increased with increasing migration altitudes (Fig. 4) .
When projected changes in wind speed and direction during this century were extracted within 10°longitude bands over oceanic regions and summarized by month (August-November) and latitude (1°intervals), the resulting patterns suggest a distinct outcome (Fig. 5) . Meridional (north-south) wind speed anomalies were generally smaller and presented little separation by longitudinal band or month (Fig. 5) , suggesting limited changes in the north-south wind component. Zonal (east-west) wind speed anomalies were generally stronger and predominantly negative at higher latitudes (Fig. 5) . The magnitude of the negative zonal wind speed anomalies generally increased with increasing migration altitude, and the magnitude also increased as the autumn progressed (Fig. 5) . When considered in combination, the signed wind speed anomalies generally followed the patterns displayed by the zonal wind speed anomalies, suggesting limited changes in wind speed at low migration altitudes, and decreasing wind speeds at higher latitudes at intermediate and especially high migration altitudes (Fig. 5 ).
Discussion
Our findings suggest transatlantic migrants have the potential to encounter strong westerly crosswinds early in their transatlantic journey at intermediate and especially high migration altitudes. This outcome follows our expectations based on the prevailing winds that occur in the region during the autumn (see Fig. 1 ) (Randall 2015) . . Meridional (first row) and zonal wind speed anomalies (second row) and signed wind speed anomalies (third row) at three isobaric levels (1000, 850 and 700 hPa) averaged by day across 29 Atmospheric Oceanic General Circulation Models (AOGCMs; see Table S2 ) and then across days during the period August 19 to November 30. Wind anomalies were calculated daily between two 10-year time periods (1996-2005 and 2091-2100) . The gridded wind anomaly data for each AOGCM summarized within equal-area hexagon cells (49 811 km 2 ) of an icosahedral discrete global grid system (see Fig. S2 ) using weighted averages. Weights were based on the proportion that each gridded AOGCM cell occurred in each hexagon cell. [Colour figure can be viewed at wileyonlinelibrary.com] Our findings also suggest that transatlantic migrants have the potential to encounter strong headwinds at low and intermediate migration altitudes when crossing the Atlantic close to the Caribbean that increase in strength as the season progresses, and weak tailwinds at intermediate and high migration altitudes when crossing the Atlantic east of the Caribbean. Thus, within the Caribbean, transatlantic migrants can avoid strong headwinds by flying at higher migration altitudes. Alternatively, migrants can avoid headwinds altogether by migration at higher altitudes east of the Caribbean where weak tailwinds are more likely to be present. Both of these strategies, however, do not avoid the strong westerly winds that occur at higher latitudes. In total, our findings suggest that the transatlantic flyway not only provides a more direct geographical path to the non-breeding grounds in the autumn (La Sorte et al. 2016a ), but also allows migrants to avoid strong headwinds and associate with mild tailwinds when making the oceanic crossing. The transition in the direction of the prevailing winds within the transatlantic flyway from west to east during autumn migration may also play a role defining the clockwise looped trajectories displayed by these species (La Sorte et al. 2016a). . Meridional (first row) and zonal wind speed anomalies (second row) and signed wind speed anomalies (third row) at three isobaric levels (1000, 850 and 700 hPa) extracted within three 10°longitudinal bands over oceanic regions (see Fig. 2 ) and averaged by month (August-November) and latitude (1°intervals). Wind anomalies were calculated daily between two 10-year time periods (1996-2005 and 2091-2100) using 29 Atmospheric Oceanic General Circulation Models (AOGCMs; see Table S2 ). The fitted lines and 95% confidence band are from generalized additive mixed models with AOGCM as a random effect. [Colour figure can be viewed at wileyonlinelibrary.com]
The CMIP5 simulations examined in this study suggest that, during this century, the likelihood of autumn transatlantic migrants encountering strong westerly crosswinds will diminish through a general weakening of atmospheric circulation. Importantly, our findings also suggest that these changes will have little effect on the strength of headwinds or tailwinds encountered during the transatlantic journey. Therefore, the need for species to compensate or drift under the influence of strong crosswinds during the initial phase of their transatlantic journey will be diminished, but existing strategies that promote headwind avoidance and tailwind assistance will remain valid. For example to avoid encounters with strong headwinds, there is evidence that migrants time transatlantic departures to coincide with the passage of low-pressure systems that brings periods of more favourable winds (Able 1973; Williams & Williams 1978; Larkin et al. 1979) . In total, during a specific but likely critical portion of the species' autumn migration journey, our findings suggest climate change has the potential to reduce time and energy requirements when compensating and the chance of mortality or vagrancy when drifting under the influence of crosswinds.
Both climate observations and simulations point towards a dampening of the speed of the prevailing westerlies within the transatlantic flyway. Atmospheric circulation within the Northern Hemisphere is projected to become less energetic under global warming as temperatures in the Arctic increase (Overland & Wang 2010; Serreze & Barry 2011) and atmospheric circulation within the tropics weakens Vecchi et al. 2006; Gastineau & Soden 2011) . All of the CMIP5 simulations considered in this study exhibit Arctic amplification under the RCP8.5 scenario (Barnes & Polvani 2015) . An expected outcome of Arctic amplification is that the strength of the polar-front jet stream will weaken (Francis & Vavrus 2012; Li et al. 2012) . There is also empirical evidence that winds (500 hPa) at mid-latitudes within the Northern Hemisphere have weakened during the past several decades (Coumou, Lehmann & Beckmann 2015) .
Another important factor to consider in addition to prevailing winds are climate extremes. Climate extremes can significantly hinder migration success (Newton 2007; Møller 2011) , and the frequency of climate extremes has increased within the mid-latitudes in the Northern Hemisphere over the past several decades (Rahmstorf & Coumou 2011; Coumou & Rahmstorf 2012) . This outcome may be due to changes in the behaviour of the polar-front jet stream through the influence of global warming (Archer & Caldeira 2008; Pena-Ortiz et al. 2013; Horton et al. 2015) . Within the Northern Hemisphere, climate extremes have been associated with changes in the frequency, persistence and maximum duration of regional circulation patterns (Horton et al. 2015) . These extreme events can broadly affect migratory behaviour within the region. Current evidence suggests populations of shortdistance migrants are more flexible in their response to these events, whereas populations of long-distance migrants are more likely to experience phenological mismatches (La Sorte et al. 2016b) . Accurately modelling climate extremes remains a significant challenge for climate scientists (Hegerl & Zwiers 2011; Rummukainen 2013) , and the CMIP5 models examined in this study have been shown to have a limited capacity to accurately simulate these events (Kumar, Mishra & Ganguly 2015) .
In this study, we estimated population-level migration trajectories using observations compiled primarily within terrestrial regions of the Western Hemisphere (see Figs S2 and S3). As discussed in La Sorte et al. (2016a) , our approach for estimating transatlantic migration trajectories has the potential to underestimate the level of uncertainty in the location and timing of transatlantic trajectories due to the paucity of oceanic observations. However, the coarse spatial resolution of the climate change projections (see Table S2 ) and the limited longitudinal heterogeneity in the prevailing winds (see Fig. 1 ) and projected changes in those winds (see Fig. 4 ) suggests our conclusions would be little affected if the longitudinal uncertainty of our trajectory estimates were to increase (see Fig. 2a ).
Our conclusions may also be affected by uncertainty originating from other sources, primary examples include the anthropogenic forcing scenario, how the AOGCMs respond to the scenario, and the natural variability in the climate system (Giorgi & Francisco 2000; Visser et al. 2000) . The nature of this uncertainty can be assessed, at least in part, by examining the variability in the AOGCM climate projections (Shepherd 2014; Vallis et al. 2015) . Based on the 29 AOGCMs considered in our analysis, inter-model variability was low suggesting a relatively high level of consensus (see Fig. 5 ). Nevertheless, minimizing this uncertainty, an active area of research in the climate sciences, has the potentially to improve the quality of AOGCM applications (Bony et al. 2015) . Another factor to consider is the correspondence between AOGCM projections and observations. For example it would be valuable to assess if current changes in wind speed and direction observed within the transatlantic flyway are bounded by the 29 AOGCM wind projections. If current observations occur outside these limits, it would suggest the AOGCMs have failed to consider an important element of the system, or the dynamics of the system have changed in an unanticipated way not predicted by the AOGCMs (Runge et al. 2016) .
Advancing our understanding on how atmospheric conditions affects migratory behaviour during transoceanic flight would help to improve the quality of our conclusions. From a population-level perspective, it would be valuable to determine how migration trajectories respond to inter-annual variation in atmospheric conditions. For migratory species in the Western Hemisphere, when examined at the population level, there is evidence that interannual variation in the location, timing and speed of migration trajectories increases with increasing migration distance, and this relationship is stronger when ecological barriers to migration are present (La Sorte & Fink 2017b) . These findings suggest more challenging migration strategies are associated with greater flexibility in migratory behaviour. This flexibility may allow migrants to more effectively optimize time, energy and risk during migration (Alerstam & Linderstr€ om 1990) , which may occur through adjustments in location or speed that optimize associations during migration with ecological resources (La Sorte et al. 2014a) or atmospheric conditions (La Sorte et al. 2014b ).
From an individual-level perspective, it would be valuable to advance our understanding on how variation in wind speed and direction affects the choice of migration routes and altitudes, and the degree at which species compensate or drift under the influence of crosswinds during different phases of their migration journey. It would be especially useful to determine how migration decisions differ among species based on variation in morphology or behaviour. How migrants respond to crosswinds is determined by differences in species' morphology and flight mode (Karlsson et al. 2010) . For example with transoceanic migrants, there is evidence more powerful larger-bodied species compensate to maintain a constant course (Horton et al. 2014) , whereas smaller bodied passerine species tend to drift (Richardson 1976) .
Lastly, the resources and methods used in this study can be applied to other geographical regions to address how migratory bird populations associate with prevailing winds, and how these associations may be affected by global warming. For example there is evidence that spring migration across the Gulf of Mexico occurs in association with the Great Plains low-level jet stream (La Sorte et al. 2014b Sorte et al. , 2016a . If the location, timing or strength of the jet stream were to change, the costs and risks associated with trans-gulf migration may be altered. Current climate projections suggest wind speeds within the low-level jet will increase during this century (Cook et al. 2008) . Current observations and projections suggest that the El Niño Southern Oscillation, and Central Pacific El Niño events in particular, can weaken wind speeds within the low-level jet (Krishnamurthy et al. 2015; Liang et al. 2015) . The intensity of these El Niño events have increased over the past several decades (Lee & McPhaden 2010) , a trend that is projected to continue during this century (Yeh et al. 2009 ). Another example are species that cross portions of the Pacific Ocean during migration. Current observations suggest that the speed of near-surface winds have increased within the central Pacific (Young, Zieger & Babanin 2011) . This trend is also projected to continue during this century (Dobrynin et al. 2015) . The extreme distances and strong reliance on supportive winds displayed by transpacific migrants (Gill et al. 2009 (Gill et al. , 2014 ) may place these species at particular risk if seasonal patterns of atmospheric circulation were to change.
conclusions
If green-house gas emissions continue unabated during this century and global warming progresses (IPCC 2013), our findings suggest that the headwinds and tailwinds currently encountered by transatlantic migrants are likely to remain unchanged. However, the strength of the prevailing westerly winds encountered early in the transatlantic journey are projected to weaken substantially. Thus, the need to for these species to counter or drift under the influence of strong crosswinds may be diminished. Unlike other studies that have considered climate change and migratory birds, our findings point towards a neutral or potentially positive implication of climate change during a specific but likely critical phase of these species annual migration journey. In total, the methods used in this study have the potential to advance our understanding on how migratory bird populations associate with atmospheric conditions across the annual cycle, and how changes in these conditions may affect migratory bird populations now and into the future. 
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